Failure to eliminate HIV-1 from brain limits its eradication from AIDS patient. Despite success of antiretroviral therapies in reducing systemic viral load and severe dementia, milder forms of HIV-1-associated neurological disorder (HAND) still prevail because of poor penetrance of combinatorial antiretroviral therapy (cART) drugs into the brain.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^

HIV-1 infects majority of brain cells, including neural precursor cells (NPCs).^[@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ Viral infection of NPCs impairs the ability of the brain for endogenous neurorestoration by differentiating existing NPCs, as viral proteins interfere with the self-renewing capability of the precursors cells and perturbing their commitment toward neuronal lineage^[@bib9],\ [@bib10]^ in adult neuroAIDS cases. The severity of the NPCs being affected by HIV-1 is also a major concern in pediatric ages, as HIV-1 infection can result in cognitive impairment as well as deranged brain development, brain atrophy and cerebrovascular abnormalities.^[@bib11]^ In addition to this, the NPCs are also considered as a reservoir for the latent virus.^[@bib6]^

To gain insights into cellular cascades important for HIV-1 Tat-mediated quiescence of NPCs, we searched for cellular stemness determinants and their association with HIV-1. We identified tripartite containing motif 32 (TRIM32), a HIV-1 Tat interacting protein,^[@bib12]^ that also regulates stemness of NPCs.^[@bib13],\ [@bib14],\ [@bib15]^ Hence, we explored the possibility of association of these two properties of TRIM32.

TRIM32 is a member of TRIM family comprising 75 members,^[@bib16]^ many of which including TRIM32 are critical to innate immune response to viral replication.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ TRIM32 has been implicated in limb girdle muscular dystrophy,^[@bib22]^ Bardet--Biedl syndrome,^[@bib23]^ epidermal carcinogenesis,^[@bib24]^ Alzheimer\'s disease^[@bib25]^and stress-induced anxiety and depressive behavior.^[@bib26]^ By interacting with Argonaute, TRIM32 collaborates with the miRNA machinery activating particular microRNAs^[@bib13]^ and regulates retinoic acid-mediated neuronal differentiation.^[@bib27]^

As HIV-1 Tat and TRIM32 influence stemness of NPCs and are interacting proteins, we investigated whether TRIM32 mediates the effects of HIV-1 Tat on stemness of NPCs.

Results
=======

HIV-1 impairs stemness of neural progenitor cells
-------------------------------------------------

HIV-1 induces quiescence in human NPCs (hNPCs) as the HIV-1-infected brain autopsy tissue showed lower Ki67 (a proliferation marker)-positive cells in hippocampal sections as compared with the controls.^[@bib28]^ To analyze whether HIV-1 infection affected stemness of the NPCs, we examined nestin positivity in the subventricular zone (SVZ) in brain sections from the frontal cortex that included the angle of lateral ventricle. Periventricular brain sections of HIV-1-infected patients showed lower number of nestin-positive precursor cells as compared with age-matched controls. In control sections, nestin positivity was observed to be 12.9±4.9% in the SVZ, whereas in HIV-1-infected brain sections, a significant decrement was observed in the percentage of nestin-positive cells (3±2.0% *P*\<0.05; [Figure 1](#fig1){ref-type="fig"}).

Nuclear translocation of TRIM32 in response to HIV-1 Tat
--------------------------------------------------------

Cellular localization of TRIM32 is crucial in determining stemness of the neural stem cells. TRIM32 translocates to nucleus following neuronal differentiation signal where it ubiquitinates c-myc and arrests the proliferation so as to initiate neurogenesis.^[@bib14]^ To examine TRIM32 localization in precursor cells, autopsied control adult and fetal brain sections were probed for TRIM32. It was observed that TRIM32 was localized differentially in the SVZ. Microscopic examination revealed that most of the cells had TRIM32 localized to the cytoplasm, others had TRIM32 localized to both cytoplasmic and nuclear TRIM32 and rarely the cells had TRIM32 within the nucleus ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). These cells were confirmed to be neural stem cells by probing them for nestin in serial sections ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). In our culture system, TRIM32 was localized in both cytoplasm and nucleus in hNPCs.

As nuclear translocation of TRIM32 can arrest the proliferation in hNPCs, we investigated whether HIV-1 Tat affects the localization of TRIM32 by ICC following 24 h of exposure to HIV-1 Tat. Cells were analyzed under two groups: (1) consisted cells with TRIM32 in both nucleus and cytoplasm and (2) cells with exclusively nuclear localization of TRIM32. The percentage of cells showing cytoplasmic and nuclear localization of TRIM32 was 62.2% in control compared with 4.7% in Tat-treated test group (*P*\<0.005). Furthermore, when TRIM32 nuclear localization was assayed, we found that 37.8% of cells had TRIM32 in nucleus in control conditions, whereas in Tat-treated group this percentage increased to 95.3% (*P*\<0.005; [Figure 2a](#fig2){ref-type="fig"}).

The hNPCs were transfected with HIV-1 Tat expressing pDs Red vector so that Tat-transfected cells could be easily visualized with Ds Red tag. ICC was performed to assess localization of TRIM32. TRIM32 colocalized with HIV-1 Tat in the nucleus and cytoplasm. In cells where Tat had translocated completely into the nucleus, TRIM32 also localized entirely within the nucleus ([Figure 2b](#fig2){ref-type="fig"}), suggesting an association between the two.

Tat-induced nuclear localization of TRIM32 in hNPCs was further confirmed by western blotting in nuclear and cytosolic extracts from hNPCs treated with HIV-1 Tat for 24 h. Nuclear extracts showed an increase of 43% (*P*\<0.005) with concomitant decrease of 34.6% of TRIM32 in the cytosolic levels (*P*\<0.0005) as compared with the control ([Figure 2c](#fig2){ref-type="fig"}).

To validate our *in vitro* findings, we probed for TRIM32 in SVZ region in human brain sections from HIV-1-infected subjects and age-matched control brain sections. In controls, TRIM32 was entirely cytoplasmic in 70.5% of the cells, but in HIV-1-infected brain sections this percentage was decreased to mere 5.0% (*P*\<0.005). In control sections, there were only 7.9% of cells with exclusive nuclear TRIM32, whereas in HIV-1-infected sections this percentage was a staggering 69.1% (*P*\<0.05; [Figure 2d](#fig2){ref-type="fig"}). To confirm that the nuclear translocation of TRIM32 was correlated with viral infection in the brain, we also performed viral detection through p24 staining in serial section from a similar area of the same patient and observed substantial staining for HIV-1 p24 antigen ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). These *in vitro* and *in vivo* findings strongly suggest that HIV-1 infection drives nuclear translocation of TRIM32, thereby affecting the stemness of NPCs.

As nuclear translocation of TRIM32 can drive c-Myc ubiquitination and HIV-1 Tat mediates translocation of TRIM32, we also looked for c-Myc ubiquitination with HIV-1 Tat. The hNPCs were transfected with HIV-1 Tat vector, and 12 h post transfection cells were treated with MG-132 (10 *μ*M) for 12 h and subjected to immunoprecipitation with anti c-Myc and then immunoblotted with anti-ubiquitin. Not much to our surprise, we observed increased ubiquitination with HIV-1 Tat expression in hNPCs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This result further strengthened our hypothesis of HIV-1 Tat mediating proliferation arrest through c-Myc degradation.

TRIM32 is overexpressed in hNPCs due to HIV-1 Tat
-------------------------------------------------

Mouse NPCs overexpressing TRIM32 lose their precursor properties and commit toward neuronal lineage.^[@bib13]^ Hence, we investigated the effect of HIV-1 Tat with treatment as well as with transient Tat transfection on expression levels of TRIM32. Cells treated with Tat showed modest but significant upregulation of 17.07% in TRIM32 levels (data not shown). To compare the effects of endogenously expressed HIV-1 Tat with that of exogenously added Tat (as the former would mimic the condition of an infected cell more closely), hNPCs were transfected with Tat-expressing vector and samples were processed for whole-cell lysate. An upregulation in TRIM32 levels (approximately twofold) was observed (*P*\<0.05; [Figure 3a](#fig3){ref-type="fig"}). In order to corroborate our findings, we also analyzed mean intensity of TRIM32 in human brain sections in control as well as in infected samples particularly in SVZ area. A fold change of 2.56 was observed in TRIM32 intensity in infected cases as compared with control (*P*\<0.05). As TRIM32 can potentially arrest the hNPC proliferation, it is possible that HIV-1 Tat-mediated TRIM32 overexpression may lead to proliferation arrest in these hNPCs, as shown subsequently.

Knockdown of TRIM32 reverses HIV-1 Tat-mediated proliferation arrest in hNPCs
-----------------------------------------------------------------------------

In order to test the hypothesis of whether TRIM32 is mediating proliferation arrest in hNPCs, TRIM32 was knocked down using siRNA against TRIM32 ([Figure 4a](#fig4){ref-type="fig"}). Cells were treated with HIV-1 Tat for 24 h with or without siRNA knockdown and immunostained for Ki67. The percentage of proliferative cells in TRIM32 knockdown group was 54.2% as compared with 37.8% in the control group (*P*\<0.0005). In Tat-treated group, the cell proliferation was significantly reduced to 24.2% (*P*\<0.005), but TRIM32 knockdown in Tat-treated group resulted in restoration of proliferation potential back to near normal levels of 35.1% (*P*\<0.005; [Figure 4b](#fig4){ref-type="fig"}). These results support our hypothesis that Tat is affecting the proliferation in hNPCs via upregulation of TRIM32 levels.

Post-transcriptional regulation of TRIM32 levels
------------------------------------------------

TRIM32 mRNA transcript levels were analyzed in HIV-1 Tat-expressing hNPCs and then compared with control after 24 h of transfection. Surprisingly, we did not find any increase in transcript levels, contrary to what we observed in protein levels ([Figure 5a](#fig5){ref-type="fig"}). The rationale for this discordance could be attributed to miRNA machinery-mediated regulation. The miRNA-mediated repression leads to translational arrest of the miRNA transcript from where it can either remain repressed, degraded or even get translationally reactivated.^[@bib29]^ Hence, we searched for TRIM32 targeting miRNAs using miRanda database. The miR-155 and Let-7a were predicted to target TRIM32. Putative binding sites of miRNAs within TRIM32 transcript are shown ([Figure 5b](#fig5){ref-type="fig"}).

The miR-155 is altered in case of HIV-1-infected PBMCs and dendritic cells.^[@bib30],\ [@bib31]^ In addition, Let-7 family including Let-7a is observed to be downregulated in CD4+ T cells of chronically affected HIV patients.^[@bib32]^ As both of these microRNAs were downregulated in HIV-1 cases, they were of special interest to us and were further investigated.

In agreement with previous findings, miR-155 and Let-7a were downregulated with HIV-1 Tat expression in our model system as well. Let-7a levels were downregulated by 2.56-fold (*P*\<0.0005), whereas miR-155 levels were decreased by 35% (*P*\<0.05; [Figure 5c](#fig5){ref-type="fig"}).

3′UTR of TRIM32 is a potential target of miR-155
------------------------------------------------

To study whether Let-7a and miR-155 bind to the 3′UTR of TRIM32 and regulate the protein levels of TRIM32, hNPCs were transfected with inhibitors/mimics of Let-7a and miR-155 and compared with cells transfected with respective control. Samples were harvested for miRNA or whole-cell protein lysates after 24 h. Quantitative PCRs (qPCRs) were carried to check the potency of the mimic and inhibitor used ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Western blot analysis after transfection showed that lipofection of miR-155 inhibitor in hNPCs resulted in higher levels of TRIM32; however, Let-7a did not affect the TRIM32 levels. The miR-155 inhibition increased the TRIM32 levels up to 76.3% (*P*\<0.05; [Figure 6a](#fig6){ref-type="fig"}). Similarly, transient transfection with miR-155 mimic but not Let-7a mimic lowered TRIM32 levels up to twofold (*P*\<0.0005; [Figure 6b](#fig6){ref-type="fig"}), indicating that TRIM32 3′UTR could be a direct target of miR-155. Transcript levels of TRIM32 were also analyzed with transfection of miR-155 mimic as well as miR-155 inhibitor in hNPCs but it did not show any change in the mRNA levels, and this was contrary to what we observed at the protein level (data not shown). This observation further supports our hypothesis that miR-155 is repressing the translation of TRIM32 mRNA rather than degrading it.

To further validate that TRIM32 is a potential target of miR-155 but not of Let-7a, luciferase assay was performed. 3′UTR of TRIM32 was cloned downstream of luciferase gene in pMIReporter vector (Ambion, Austin, TX, USA). Cells were transfected with pMIR TRIM32 3′UTR as well as miR-155 or Let-7a mimic. Samples were processed after 24 h of transfection. Normalized luciferase activity showed that with co-transfection of miR-155 and pMIR TRIM32 3′UTR, luciferase activity was reduced by twofold (*P*\<0.05), whereas the same remains unaffected when pMIR TRIM32 3′UTR was co-transfected with Let-7a mimic ([Figure 6c](#fig6){ref-type="fig"}). These results confirmed that miR-155 targets the TRIM32 3′UTR.

MiR-155 directly regulates HIV-1 Tat-mediated proliferation arrest in hNPCs
---------------------------------------------------------------------------

As miR-155 suppresses TRIM32 expression and downregulation of TRIM32 induces proliferation in hNPCs, we asked whether miR-155 directly influences proliferation of hNPCs. To test the above hypothesis, cells were transfected with miR-155 mimic or inhibitor and then immunostained for Ki67 to quantify the proliferation rate. We observed that miR-155 mimic increased the proliferation from 36.5 to 47.7% (*P*\<0.05), whereas inhibition of miR-155 led to a decreased rate of proliferation from 35.5% to mere 18% (*P*\<0.05; [Figure 7a](#fig7){ref-type="fig"}). Hence, it can be inferred that as miR-155 regulates TRIM32 levels, increased levels of miR-155 may result in higher proliferation rate in hNPCs or vice versa.

After confirming that miR-155 regulates TRIM32 levels and can affect the proliferation of the hNPCs, we wanted to assess the effects of miR-155 in Tat-treated hNPCs. Transfection of miR-155 mimic increased the proliferation rate of hNPCs from 36.8 to 48.3% (*P*\<0.005), whereas treatment of hNPCs with Tat decreased the proliferation rate to 21.4% (*P*\<0.005; [Figure 7b](#fig7){ref-type="fig"}). Interestingly, in HIV-1 Tat-treated group transfected with miR-155 mimic, the proliferation was restored to 34.9% (*P*\<0.005). These results further confirmed that Tat mediates its effect on TRIM32 via miR-155 dysregulation ([Figure 7b](#fig7){ref-type="fig"}).

HIV-1 infection of hNPCs induces increase in total TRIM32 levels, concomitant decrease in miR-155 level and increased nuclear translocation of TRIM32
-----------------------------------------------------------------------------------------------------------------------------------------------------

To correlate our findings with viral infections as well, hNPCs were infected with vesicular stomatitis virus envelope G glycoprotein (VSV-G)-pseudotyped HIV-1 for 24 h and samples were processed for either total protein, miRNA assay or nuclear protein extraction. Viral infection of hNPCs resulted in 61.3% upregulation of TRIM32 levels in whole-cell protein extracts as compared with control (*P*\<0.005; [Figure 8a](#fig8){ref-type="fig"}). Samples processed for miRNA assays also showed concomitant decrease of 2.38-fold in miR-155 levels in infected samples as compared with control (*P*\<0.05; [Figure 8b](#fig8){ref-type="fig"}). In addition to these observations, we found that HIV-1-infected group showed an increase in nuclear levels of TRIM32 (45.2%) as compared with control (*P*\<0.05; [Figure 8c](#fig8){ref-type="fig"}). These results further substantiated our findings and confirmed that HIV-1 infection is perhaps driving the TRIM32 upregulation and nuclear translocation in hNPCs.

Discussion
==========

HAND is a major morbidity in HIV-1/AIDS survivors in adult and pediatric cases of neuroAIDS. This study focuses on a rather neglected aspect of neuroAIDS and unravels how HIV-1 protein Tat possibly affects self-renewing capacity of multipotent NPCs in SVZ, an important neuroanatomical area for HIV-1 infection and neurogenesis.

The effect of HIV-1 brain viremia on NPCs translates to attenuated stemness of the precursor cells interfering with human brain\'s regenerative capacity and contributes to HAND. To study the mechanisms leading to quiescence in NPCs, a well-characterized model of human fetal brain-derived NPCs was utilized that provided us a distinctive system to study proliferation of NPCs. Being derived from human fetal brain samples, this primary cell culture system has significant advantages over the cell lines. Our model provides a nontransformed cell system that is supposedly closer to the control physiological conditions rather than transformed cell lines derived of NPCs. Furthermore, as it is derived from human nervous tissue, this model system is apt for studies related to a human-specific virus like HIV-1 and better mimics conditions of neuroAIDS.

A recent study from our laboratory demonstrated Erk(1/2)--p21--p53 cell cycle axis is involved in the HIV-1 Tat-mediated proliferation arrest of precursor cells.^[@bib33]^ The mechanism by which HIV-1 Tat disturbs normal functionality of NPCs is still unclear. Henceforth, the role of TRIM32 (a neural stem cell determinant and HIV-1 Tat interacting partner) was questioned in the HIV-1 Tat-induced quiescence in hNPCs.

TRIM32 translocates to the nucleus upon neurogenesis signal where it ubiquitinates c-myc that results in its proteasomal-mediated degradation.^[@bib14]^ TRIM32 thereby arrests the proliferation of neural stem cells upon translocation into the nucleus, laying groundwork for initiation for neurogenesis. We observed that TRIM32 localization was perturbed by HIV-1 Tat where increased trafficking of TRIM32 molecules into the nucleus was observed to be closely associated with HIV-1 Tat. To validate the findings of our *in vitro* observations, we utilized human brain tissues from HIV-1-infected individuals and reconfirmed the increased nuclear translocation of TRIM32 molecules in the SVZ area of diseased brain tissues. Increased nuclear trafficking of TRIM32 leads to degradation of c-myc, contributing to arrested proliferation of NPCs mediated by HIV-1 Tat. This was further confirmed with our experiments showing enhanced c-Myc ubiquitination with HIV-1 Tat in hNPCs. The mechanism of nuclear translocation of TRIM32 is unknown. As TRIM32 does not contain any classical nuclear localization signal, post-translation modification such as ubiquitination is predicted to be a signal for entry into the nucleus.^[@bib14]^ Perhaps, HIV-1 Tat promotes such modifications that mediate entry of TRIM32 into the nucleus. Another possible mechanism could be of direct pull of TRIM32 into the nucleus through interaction with HIV-1 Tat, as this viral protein has competent NLS signal. It will be an interesting query to address the mechanisms that HIV-1 Tat exploits to induce increased trafficking of TRIM32 molecules into the nucleus.

Overexpression of TRIM32 in NPCs is related to their attenuated proliferation.^[@bib13]^ When a neural stem cell undergoes mitosis, enrichment of TRIM32 in the daughter cell decides the fate of the progeny. Following asymmetric division of a mouse neural precursor cells, TRIM32 accumulation in one of the progenies causes it to commit toward neuronal lineage, whereas the other progeny that has inherited lesser number of TRIM32 molecules retains its precursor fate. We observed higher expression of TRIM32 protein induced by HIV-1 Tat that possibly mediated proliferation arrest. We further observed increased relative intensity in TRIM32 levels in human brain sections in HIV-1 cases as compared with control. This hypothesis was further validated by TRIM32 knockdown in HIV-1 Tat-treated groups wherein HIV-1 Tat-mediated proliferation arrest in hNPCs was inhibited.

Interestingly, we also observed lack of increase at the transcript levels of TRIM32 following HIV-1 Tat exposure and subsequently proved that RNAi-mediated gene silencing is involved in regulating TRIM32 protein levels. The role of microRNA (miR-155) in regulation of 3′UTR of the TRIM32 transcripts was elucidated through mimic/knockdown strategies and luciferase reporter assays. Furthermore, evidence for the role of miR-155 in regulation of proliferation of hNPCs was also demonstrated. In addition, miR-155 could directly rescue the hNPCs from HIV-1 Tat-mediated proliferation arrest. Dysregulation of miR-155 is associated with aberrant proliferation in different tissues.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib37]^ Enhanced expression of miR-155 leads to enhanced proliferation, whereas downregulated levels of miR-155 is linked with decreased proliferation in various tissues. MiR-155 knockdown has been reported to decrease proliferation in glioblastomas.^[@bib38]^ However, literature showing role of miR-155 in the dysregulation of stemness of hNPCs was lacking till this study. MiR-155 negatively regulates SOX6 expression that positively influences the expression of p21 in hepatocellular carcinoma.^[@bib37]^ Enhanced levels of p21 have been reported in case of HIV-1 Tat-mediated proliferation arrest^[@bib33]^ that would possibly suggest that declined levels of miR-155 might upregulate SOX6 and result in HIV-1 Tat-induced enhancement in p21 expression in hNPCs. If and how SOX6 is regulated by TRIM32 is another open question.

The role of TRIM32 and HIV-1 Tat interaction in post-transcriptional regulation of TRIM32 is another interesting query. TRIM32 is an Argonaute interacting protein. It interacts with three Argonaute proteins, Ago-1, Ago-2 and Ago-3.^[@bib39]^ Hence, TRIM32 can be regarded as RISC interacting protein. NHL domain of TRIM32 is reported to influence miRNA activity.^[@bib13]^ Enhanced activity of a microRNA biomolecule could be a result of enhanced transcription or enhanced processing to form a functionally mature miRNA. How TRIM32 activates miRNAs is not known but NHL domain of TRIM32 has been implicated to influence the miRNA activation. HIV-1 Tat interacts with the same NHL domain of TRIM32; NHL domain perhaps when hijacked by HIV-1 Tat culminates into downregulated levels of miR-155. Another possibility is Tat somehow independently disrupts biogenesis of mature miR-155 and results in downregulated levels of miR-155 levels and hence ensuing enhanced TRIM32 protein levels.

As HIV-1 Tat was attenuating the proliferation, it was questioned whether Tat was inducing any lineage commitment (glial or neuronal). With acute HIV-1Tat exposure, we observed that Tat did not enhance commitment of hNPCs toward any lineage ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The above observation indicated that hNPCs were merely quiescent with HIV-1 Tat exposure. In fact, TRIM32 knockdown in HIV-1 Tat-treated hNPCs readily restored the proliferation.

To further strengthen our findings, we infected hNPCs with VSV-G-pseudotyped HIV-1 and found similar observations of increased whole-cell TRIM32 levels, concomitant decrease in miR-155 levels and increase in nuclear translocation of TRIM32 with HIV-1 infection.

TRIM32 overexpression has been linked to enhanced commitment toward neuronal lineage.^[@bib13]^ On the other hand, HIV-1 Tat represses commitment toward neuronal lineage.^[@bib9]^ TRIM32 utilizes different domains to execute its diverse functions; for example, the one it utilizes to control proliferation might not be the same it uses to induce neuronal differentiation. Hence, it would be interesting to investigate how HIV-1 Tat induces TRIM32 overexpression yet hinders neurogenesis, what are the pathways that TRIM32 overexpression triggers and the mechanism of interference of HIV-1 Tat with these molecular switches resulting into aberrant neurogenesis; these lines of investigation are being currently pursued in our laboratory.

The data shown here assert that proliferation arrest in primary culture of hNPCs because of HIV-1 Tat can be rescued through TRIM32 knockdown that could be either mediated by a siRNA against TRIM32 or miR-155 mimic. We hereby report a novel molecular cascade consisting of miR-155 and TRIM32 involved in HIV-1 Tat-mediated quiescence in hNPCs and show how the virus exploits the microRNA machinery to induce proliferation arrest in hNPCs.

Materials and Methods
=====================

The hNPC isolation
------------------

Handling of human tissues was carried out in strict accordance with the guidelines of Institutional Human Ethics Committee and Stem Cell and Research Committee of National Brain Research Centre, India, and the Indian Council of Medical Research (ICMR), India. The hNPCs were isolated from the telencephalon region of 10--15-week-old fetuses as described earlier.^[@bib9]^ Isolated cells were cultured in Poly [D]{.smallcaps}-lysine (Sigma-Aldrich, St. Louis, MO, USA)-coated flasks in Neurobasal media (Invitrogen, San Diego, CA, USA) supplemented with Neural Survival Factor-1 (Lonza, Charles City, IA, USA), N2 supplement (Invitrogen), 25 ng/ml bovine fibroblast growth factor (bFGF) (Sigma-Aldrich) and 20 ng/ml epidermal growth factor (EGF) (Sigma-Aldrich). Cells were passaged 9--10 times and then utilized for experiments after their characterizations. These NPCs were tested for the expression of Nestin and SOX2 positivity (marker for stemness), which was found to be \>99%, and the NPCs were negative for any lineage-specific markers particularly glial fibrillary acidic protein (GFAP) or microtubule-associated protein 2 (MAP2). Their potential as neural stem cell was assessed by their ability to form neurospheres and differentiate into neurons or astrocytes (analyzed by Tuj-1 and GFAP positivity). NPCs were differentiated into neuronal lineage by removing bFGF and EGF from the above mentioned media cocktail and supplementing the same with platelet-derived growth factor (PDGF) (Sigma-Aldrich) and brain-derived neurotrophic factor (BDNF) (Sigma-Aldrich). NPCs were differentiated into astrocytes by replacing the NPC media with minimum essential medium (MEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich). For both neuronal and astrocytic lineage, differentiation was carried out for 21 days. Depending upon exposure to defined media conditions, \>95% of the differentiated cells were either Tuj-1 or GFAP positive ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Immunohistochemistry of human brain sections
--------------------------------------------

Paraffin-processed 5 *μ*m serial sections of control (non-HIV infected (*n*=4)) and HIV-1 infected without associated opportunistic infections (*n*=4) were obtained from Human Brain Tissue Repository, National Institute of Mental Health and Neurosciences, Bangalore, India. Age-matched controls and HIV-1-infected tissues from the frontal cortex--basal ganglia that included the lateral ventricle with SVZ were used in the study (age range: 34--40 years). In addition, a 23-week-old fetal tissue was included in the study to compare the observations with that of adult control tissues. The control brain sections were from cases of accidental death who succumbed to road traffic accidents, who had no prior history of neurological illness and who did not reveal any pathology other than related to trauma. Tissue sections were deparaffinized by immersing in xylene, followed by increasing grades of alcohol. Sections were treated with methanol containing 3% hydrogen peroxidase for quenching endogenous peroxidase activity, followed by antigen retrieval with sodium citrate buffer (pH 6.0). Sections were blocked using Power Block (BioGenex, Fremont, CA, USA). Anti-Nestin (Santa Cruz Biotechnology, Santa Cruz, TX, USA; 1 : 50) and anti-TRIM32 (Novus Biologicals, Littleton, CO, USA; 1 : 250) were used to detect the respective antigens with overnight incubations at 4 °C. One-step Polymer-HRP Detection System (BioGenex) was used to develop the staining. Sections were imaged under Olympus BX51 (Tokyo, Japan). Images from 8 to 10 random fields were captured from SVZ region for quantification.

For measurement of TRIM32 intensity in human brain sections in SVZ area, acquired images were converted to 8-bit grayscale. Intensity of the staining was assessed by determining mean pixel density by using ImageJ software (NIH, Bethesda, MD, USA). Background staining was subtracted from the mean density obtained. All intensity measurements were performed by a person blinded to experimental groups.

HIV-1 Tat treatment and HIV-1 Tat transient expression
------------------------------------------------------

Recombinant HIV-1 Tat Clade B (Diatheva, Fano, Italy) was used for treatment of hNPCs at a concentration of 100 ng/ml for 24 h. The concentration of HIV-1 Tat chosen was in line with the existing literature that showed the effect of HIV-1 Tat on proliferation of NPCs,^[@bib9],\ [@bib33],\ [@bib40]^ and is consistent with other studies.^[@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ Full-length HIV-1 Tat-expressing pcDNA 3.1 vector and pDS RED was a kind gift from Professor Udaykumar Ranga (JNCASR, Bangalore, India). The plasmids were transfected in 80% confluent hNPCs using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol. Transfected cells were processed either for mRNA, miRNA or protein isolation according to the requirement of the experiments.

Immunocytochemistry
-------------------

For immunocytochemistry, experiments were carried out in eight-well chamber slides (Nunc, Kamstrupvej, Denmark). The hNPCs were plated at a density of 20 000 cells per well. Cells were fixed for 20 min with 4% paraformaldehyde, washed thrice with PBS, blocked and permeabilized using 10% normal goat serum (Vector Labs, Burlingame, CA, USA) or 4% bovine serum albumin (BSA) containing 0.5% Triton X-100. Cells were incubated with the following primary antibodies overnight at 4 °C: anti-Ki67 (Novacastra, Wetzlar, Germany; 1 : 1000) and/or anti-TRIM32 (Gramsch Laboratories, Schwabhausen, Germany; 1 : 250), Tuj-1 (Promega, Madison, WI, USA; 1 : 3000), DCX (Abcam, Cambridge, UK, 1 : 1000) and GFAP (Dako, Glostrup, Denmark; 1 : 1000 and Santa Cruz Biotechnology; 1 : 200). Later, the cells were washed thrice after incubation with primary antibody and incubated with appropriate secondary antibodies tagged with Alexa Flour 594 and Alexa Flour 488 (Invitrogen). Slides were mounted with Hard set mounting media containing DAPI (Vector Labs). For each group, 5--7 images were captured from random fields. Images were acquired using AxioImager.Z1 microscope (Carl Zeiss, Heidenheim, Germany).

Small interfering RNA-mediated knockdown of TRIM32: for TRIM32 knockdown
------------------------------------------------------------------------

Endoribonuclease-prepared siRNAs (esiRNAs) against TRIM32 (Sigma-Aldrich) was used. A total of 1 pmol of esiRNA was transfected using RNAi Max (Invitrogen) according to the manufacturer\'s instructions. MISSION siRNA Universal Negative Control 1 (Sigma-Aldrich) was used as scrambled control. To check the efficiency of the knockdown at protein level, concentrations of 2.5, 5, 10 and 20 pmol were used. Then, 10 pmol concentration was selected as it showed highest level of knockdown of TRIM32 and was scaled down 10 times accordingly for experiments that were carried out in eight-well chamber slides. Samples were processed for immunocytochemistry after 24 h of transfection.

Preparation of protein extracts and western blotting
----------------------------------------------------

Samples were processed for either whole-cell extract or nuclear and cytoplasmic extract. Whole-cell extract buffer consisted of 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 0.5% NP-40, 50 mM sodium fluoride, 1 mM sodium orthovanadate and protease inhibitor cocktail (Roche, Mannheim, Germany). The cytosolic extraction buffer comprised 0.2% Triton X-100, HEPES buffer (pH 7.6), 10 mM magnesium chloride, 100 mM potassium chloride, 10 mM sodium butyrate and protease inhibitor cocktail. Cells were lysed with the cytosolic extraction buffer and then centrifuged. Pellet so obtained was lysed with nuclear extraction buffer that contained 50 mM Tris (pH 7.5), 150 mM sodium chloride, 50 mM sodium fluoride, 1 mM EDTA, 1 mM sodium orthovendate, 2% sodium dodecyl sulfate and protease inhibitor cocktail. Protein concentration was estimated by bicinchoninic acid (Sigma-Aldrich) and 4% copper sulfate. Protein extract was separated on 12% SDS-PAGE and then blotted onto nitrocellulose membrane (MDI, Ambala, India). The membranes were blocked with 5% skimmed milk or 10% normal goat serum (Vector Labs) in PBS/Tween-20. Blots were incubated overnight at 4 °C with the following primary antibodies: TRIM32 (Gramsch Laboratories; 1 : 2000), GAPDH (Santa Cruz Biotechnology; 1 : 10 000), histone H3 (Millipore, Bedford, MA, USA; 1 : 3000), anti-HIV-1 Tat (a kind gift from Professor Udaykumar Ranga, JNCASR; 1 : 4000) and anti-p24 monoclonal antibody (NIH AIDS Reagent Programme, Germantown, MD, USA; 1 : 3000). After 3 washes with TBS/Tween-20 (TBST), blots were probed with HRP-conjugated secondary antibodies (Vector Labs) for 1 h. Later, blots were washed thrice with TBST and developed with chemiluminescence reagent (Millipore, Billerica, MA, USA). Blots were imaged using ChemiGenius Bio-imaging System (Syngene, Cambridge, UK). Densitometric analysis of the protein bands were carried out using ImageJ software (NIH).

Quantitative real-time PCR
--------------------------

RNA was extracted from the samples using TRIZOL (Sigma-Aldrich) according to the manufacturer\'s protocol. cDNA was synthesized from the extracted RNA using high-capacity cDNA reverse transcription kit (Applied Biosystems, Austin, TX, USA) in accordance with the manufacturer\'s instructions. Real-time detection was performed with SYBER Green master mix (Applied Biosystems) using following primers for TRIM32 and GAPDH: TRIM32 forward 5′-GGCCACTGTACACTCCCTGT-3′ and TRIM32 reverse 5′-AGCCAAAGAGCCTGTGAAGA-3′, GAPDH forward 5′-GAAGGTGAAGGTCGGAGTC-3′ and GAPDH reverse 5′-GAAGATGGTGATGGGATTTC-3′. The cycling conditions used were 95 °C for 3 min (1 cycle), 95 °C for 20 s, 62 °C for 30 s and 72 °C for 40 s (35 cycles).

For miRNA isolation, RNA was isolated from the cells using miRNAeasy mini kit (Qiagen, Hilden, Germany). cDNA was synthesized using miScript II RT kit (Qiagen) according to the manufacturer\'s protocol. Specific primers for miR-155-5p and Let-7a-5p (Qiagen) were used to detect the respective miRNAs. qPCR was performed to detect the levels of miRNAs of interest using miScript SYBER Green PCR kit (Qiagen) as per the manufacture\'s protocol. qPCR was carried out using ROTOR-GENE Q (Qiagen). Specificity of all the primers used was confirmed with single product peak in the melt curve analysis.

miRNA mimic and inhibitor transfection
--------------------------------------

The hNPCs were plated at 80% confluency in T25 flasks. Then, 100 pmol of Syn-hsa-miR-155-5p miScript miRNA mimic or Syn-hsa-Let-7a-5p miScript miRNA mimic (Qiagen) was used to transfect hNPCs. All Stars Negative Control siRNA (Qiagen) was used as a mimic control. Next, 100 pmol of Anti-hsa-miR-155-5p (Qiagen) and Anti-hsa-Let-7a-5p (Qiagen) were transfected in hNPCs to inhibit respective miRNAs. miScript Inhibitor Negative Control (Qiagen) was used as control for miRNA inhibition experiments. Transfections were performed using RNAi MAX (Invitrogen). Opti-MEM (Invitrogen) was used as transfection media. Cells were replaced with normal media after 4 h of transfection and samples were processed for protein extraction after 24 h. For immunocytochemistry assays of miR-155 mimic and inhibitor that was carried out in eight-well chamber slides, concentrations of the mimic and the inhibitor was scaled down 10 times accordingly. Efficacy of miRNA mimic and inhibition was checked through qPCR using primers of respective miRNAs.

miRNA target prediction
-----------------------

The miRanda database ([www.microrna.org](http://www.microrna.org)) was used to predict the miRNAs targeting TRIM32 3′UTR.

Cloning of TRIM32 3′UTR and Luciferase assay
--------------------------------------------

3′UTR of TRIM32 was amplified using given primers: forward 5′-CAGTCTGATCGTCTTTACCAGTATG-3′ and reverse 5′-ATCCAAAGAAACACTACTACCATAAAAA-3′. The 1037 bp long amplified product contained the predicted miR-155 binding site and was cloned in pMIR-Reporter (Ambion). The product was cloned between *Spe*I and *Hin*dIII restriction sites downstream of the luciferase coding region.

The TRIM32 3′UTR luciferase reporter was transfected in HeLa cells with or without miR-155 or Let-7a mimic. Then, 5 *μ*g of the cloned product and 100 pmol of the mimic were used to transfect the cells using Lipofectamine 2000 as per the manufacturer\'s protocol. Samples were collected for luciferase detection after 24 h. Luciferase activity was measured with a Luciferase detection kit (Promega) as per the manufacturer\'s protocol. Detection was performed using Sirius single tube luminometer (Berthold Detection Systems, Pforzheim, Germany) and Luciferase units were normalized with the total protein.

HIV-1 infection of hNPCs
------------------------

Viral stocks of VSV-G)-psuedotyped HIV-1 were prepared by co-transfection of pNL4-3 and VSV-G expressing plasmid into HEK 293T cells using Lipofectamine 2000 (Invitrogen). Medium was replaced with fresh complete DMEM 6 h post transfection. The supernatant containing virus particles was collected 48 h post transfection. The collected virus supernatant was filtered through a 0.45 *μ*m pore size filter and the aliquots were then stored in −80 °C. P24 assay for viral titer was done by *β*-galactosidase staining of HIV-1 using TZM-bl reporter cell line.

HNPCs were infected with VSV-G-psuedotyped HIV-1 for 4 h at 37 °C by incubating the cells with equal amounts of infectious virus (1 MOI) assessed by *β*-galactosidase staining using HIV-1 indicator TZMbl cells. The infected cells were harvested at 24 h post infection and subjected to protein isolation or miRNA assay.

Ubiquitination assay
--------------------

Human neural precursor cells were transfected with HIV-1 Tat vector and Ubiquitin expressing vector (a kind gift from Dr. A Banerjea, NII, New Delhi, India) using Lipofectamine 2000 (Invitrogen) following the manufacturer\'s instructions. After 12 hours of transfection, MG-132 (Calbiochem, Merck Millipore, Billerica, MA, USA; 10 *μ*M) was added to the media and cells were harvested after 12 h. Whole-cell extracts were prepared and 500 *μ*g of protein was incubated overnight with anti-c-myc (Santa Cruz Biotechnology). Antigen antibody complexes were pulled out by incubating the lysate with Sepharose G beads (GE Healthcare, Buckinghamshire, UK). Beads were washed 6 times with IP buffer. Immunoprecipitated protein was then separated on 8% SDS-PAGE gel and blot was probed with anti-ubiquitin (Dako) to detect ubiquitinated species of c-Myc. Input used was 20% of the lysate used in IP.

Statistical analysis
--------------------

Data are represented as mean±S.D. All experiments were carried out three to five times independently. Significance of the comparison between control and treated groups was computed using Student\'s *t*-test. *P*\<0.05 was considered as statistically significant.
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![HIV-1 impairs stemness of neural progenitor cells. Immunohistochemical analysis of SVZ region for nestin-positive neural precursor cells in adult human brain for indicated groups. DAB stain (brown) shows nestin-positive cells. Right panel shows magnified images from the inset. Scale, 50 *μ*m. Lower panel shows bar graph that represents percentage of Nestin-positive cells in the SVZ region of controls and HIV-1-infected individuals. The data are a representation of findings from four age-matched controls and HIV-1-infected brain sections (mean±S.D.). \**P*\<0.05 as compared with control](cdd2015138f1){#fig1}

![Nuclear translocation of TRIM32 in response to HIV-1 Tat. (**a**) Effect of HIV-1 Tat exposure (100 ng/ml) on localization of TRIM32 after 24 h; bar graph represents quantification of images; cells were counted on the basis of subcellular localization of TRIM32 that was either cytoplasmic and nuclear or nuclear only. Lower panel shows higher magnification showing localization of TRIM32 in control and HIV-1 Tat-treated hNPCs. (**b**) Localization of TRIM32 in hNPCs transfected with pDs RED-tagged HIV-1 Tat for 24 h; Tat can be visualized with Ds RED tag; scale for **a** and **b**, 20 *μ*m. (**c**) Western blots showing fractionated nuclear and cytoplasmic levels of TRIM32 upon Tat treatment (100 ng/ml) for 24 h; quantification of band intensity is shown with bar graph, histone H3 was used as nuclear control and GAPDH as cytosolic control. (**d**) Immunohistochemical images of subventricular region of human brain of control and HIV-1-infected individuals probed for TRIM32; bar graph shows quantification of cells based on localization of TRIM32 that was either cytoplasmic, cytoplasmic and nuclear or nuclear only; arrows depict cells with cytoplasmic TRIM32 and arrowheads show cells having nuclear localization of TRIM32; scale for **d**, 50 *μ*m. IHC data were compiled from four different controls and four different HIV-1 patients. All the other data are representative of three to five independent experiments (mean±S.D). \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.0005 with respect to control](cdd2015138f2){#fig2}

![TRIM32 is overexpressed in hNPCs following HIV-1 Tat expression as well as in autopsy brain sections from HIV-1-infected subjects. (**a**) The hNPCs transfected with control vector or HIV-1 Tat-expressing vector; whole-cell extracts were separated through SDS-PAGE and probed for indicated antibodies; representative immunoblot showing upregulated levels of TRIM32; bar graph represents densitometric analysis of the blots, and TRIM32 levels were normalized with GAPDH. Data shown represent five independent experiments (mean±S.D). \**P*\<0.05 with respect to control. (**b**) Mean intensity analysis of TRIM32 in human brain sections. Images showing TRIM32 staining in control and HIV-1-infected human brain tissues; lower panel shows bar graph representing mean intensity analysis for control and HIV-1-infected samples. Data have been compiled from four different controls and four different HIV-1-infected subjects (mean±S.D). \**P*\<0.05 with respect to control, scale 50 *μ*m](cdd2015138f3){#fig3}

![Knockdown of TRIM32 reverses HIV-1 Tat-mediated proliferation arrest in hNPCs (**a**) The hNPCs were transfected with siRNA against TRIM32 for 24 h; western blot showing efficacy of the knockdown in hNPCs; GAPDH was used as a loading control. (**b**) Immunocytochemistry showing Ki67 staining in hNPCs transfected with scrambled siRNA or siRNA against TRIM32 with or without Tat treatment (100 ng/ml) after 24 h; bar graph represents percentage of Ki67-positive cells in the indicated groups; transfection of siRNA against TRIM32 rescued the hNPCs from HIV-1 Tat-mediated proliferation arrest. Results are representative of four different biological replicates (mean±S.D.). \*\**P*\<0.005, \*\*\**P*\<0.0005](cdd2015138f4){#fig4}

![Post-transcriptional regulation of TRIM32 levels. (**a**) The hNPCs were transfected with control vector or HIV-1 Tat expressing vector; mRNA levels were analyzed after 24 h of transgene expression through real-time PCR; bar graph represents TRIM32 mRNA levels in indicated conditions, and GAPDH mRNA levels were used to normalize TRIM32 levels; upregulation observed at the protein levels was not observed at the mRNA levels. (**b**) miRNA binding to the 3′UTR of TRIM32 transcript is shown schematically for Let-7a and miR-155. The numbers 3126 and 2937 represent the sequence position of TRIM32 mRNA. (**c**) The hNPCs were transfected with control vector or HIV-1 Tat expressing vector for 24 h and levels of miR-155 and Let-7a were assessed through qPCR; bar graph represents levels of indicated miRNAs post transfection, and snRNA U6 was used as a normalization control. Data represent outcome of at least three independent experiments (mean±S.D.). \**P*\<0.05, \*\*\**P*\<0.0005 with respect to control](cdd2015138f5){#fig5}

![3′UTR of TRIM32 is a potential target of miR-155. The hNPCs were transfected for 24 h with (**a**) inhibitor and (**b**) mimic of the indicated miRNAs with their respective control. Western blots showing TRIM32 levels after transfection; lower panels show densitometric analysis of the blots. (**c**) miReporter TRIM32 3′UTR was transfected with mimic control, miR-155 or Let-7a mimic in HeLa cells for 24 h; bar graph represents normalized luciferase activity in the indicated groups. All experiments were repeated at least three times (mean±S.D.). \**P*\<0.05, \*\*\**P*\<0.0005 with respect to control](cdd2015138f6){#fig6}

![MiR-155 directly regulates HIV-1 Tat-mediated proliferation arrest in hNPCs. (**a**) The hNPCs were transfected for 24 h with mimic control, inhibitor control, mimic miR-155 or inhibitor miR-155; immunocytochemistry images showing Ki67 staining in the indicated groups; lower panel shows bar graph that represents the percentage of Ki67-positive cells in the indicated groups. (**b**) The hNPCs were transfected with mimic control or mimic miR-155 with or without HIV-1 Tat (100 ng/ml) for 24 h; immunocytochemistry images showing Ki67-positive cells; lower panel shows bar graph representing percentage of Ki67-positive cells in the indicated groups. All experiments were repeated at least three times (mean±S.D.); \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.0005](cdd2015138f7){#fig7}

![Infection of human neural precursor cells. The hNPCs were infected with VSV-G-pseudotyped HIV-1 for 24 h. (**a**) Western blots showing upregulated levels of TRIM32 upon HIV-1 infection; GAPDH was used as normalization control, and lower panel shows densitometric analysis for the same. (**b**) Bar graph showing miR-155 levels in hNPCs upon HIV-1 infection. (**c**) Western blots showing TRIM32 levels in nuclear extracts with HIV-1 infection; H3 was used as a normalization control, and lower panel shows densitometric analysis of the blots. All experiments were repeated at least three times (mean±S.D.); \**P*\<0.05, \*\**P*\<0.005](cdd2015138f8){#fig8}
